suggesting that deletion of the 3 kb intron between exon N-␤-Gal mice remained ‫%03ف‬ smaller than littermate con-2 and exon 3 did not disrupt regulatory elements that trols (n ϭ 9 per genotype, p Ͻ 0.01) ( Figure 1E) . control Fgf14 expression. Furthermore, RNA blot analyFgf14 N-␤-Gal/ϩ mice were backcrossed five generations sis of FGF14 regional expression in human adult brain onto the C57B6/J genetic background (G5:C57B6/J). On ( Figure 2M ) showed the highest levels in the cerebellum the G5:C57B6/J genetic background, the size of and moderate to high levels in the hippocampus, amygFgf14 N-␤-Gal/N-␤-Gal mice was similar to that of wild-type litdala, cerebral cortex, striatum, and thalamus, consistent termates until weaning. However, adult Fgf14 N-␤-Gal/N-␤-Gal with in situ data on adult mouse tissue. The corpus mice failed to attain normal weight and remained 15% callosum and substantia nigra showed no significant smaller than their littermates (n ϭ 7 per genotype, p Ͻ expression. These data demonstrated that the expres-0.05) ( Figure 1F ). sion pattern of Fgf14 is conserved across species.
To assess the expression pattern of the FGF14N-␤-gal FGF14N-␤-gal Is Expressed in the Cerebellum
protein, ␤-gal activity was localized in situ. FGF14N-␤-gal and Basal Ganglia and Is Efficiently was strongly expressed in the cerebellum and striatum Trafficked into Axons and moderately expressed in the dorsal cerebral cortex, To determine whether Fgf14 N-␤-Gal expression recapituhippocampus, and hypothalamus ( Figures 3A-3C ). Allates that of Fgf14, in situ hybridization was carried out though globally consistent with the Fgf14 transcript distribution pattern determined by in situ hybridization and using both Fgf14 and ␤-gal cDNA probes on serial coro-mRNA are localized in the internal granule cell layer (IGL), which contains the cell bodies of granule cells. More strikingly, the corpus callosum, a region that contains only a collection of fibers, was intensely stained with X-gal ( Figures 3B and 3C ). In contrast, both in situ hybridization and RNA blot showed no expression of Fgf14 mRNA in the corpus callosum. Control transgenic mice, which express ␤-gal in granule cells under the control of GABA receptor ␣6 subunit regulatory elements (Bahn et al., 1997; Jones et al., 1997), showed ␤-gal activity distributed primarily in the IGL and diffusely in the ML ( Figure 3F ). Taken together, these data demonstrate that the first exon of FGF14 is sufficient to direct ␤-gal into axons and suggest that FGF14 may itself be trafficked into neuronal processes.
FGF14 Is Not Essential for Neuronal Development
Given that Fgf14 is widely expressed in the central nervous system during embryonic development, we hypothesized that loss of FGF14 may result in neuronal malformation. However, PhosphorImager analysis, and the data were normalized to the expression level in whole brain.
mice had an ataxic gait with shuffling footprint patterns, a widened stance, and lack of forefoot-hindfoot correspondence ( Figure 5A ). An accelerating rotorod was used to assess the ability of Because performance on the rotorod task may deand 5E) and maintained their balance on the ledge and platform for significantly less time than control mice. pend on several skills, such as coordination, balance, strength, or various somatosensory capabilities, the Similarly, although ataxia could account for these results, it is difficult to know the relative contributions of mice were tested on a battery of four sensorimotor tests (Wozniak et al., 1996) . The performance of the potential disturbances in balance, coordination, and/or strength to these performance deficits. Fgf14 N-␤-Gal/N-␤-Gal mice and littermate controls on the inclined (60Њ) screen test showed that both groups were Group performance differences were also observed on the walking initiation test, in which the Fgf14 N-␤-Gal/ able to remain on the screen for the full 60 s trial period, although the Fgf14 N-␤-Gal/N-␤-Gal mice took significantly N-␤-Gal mice showed a significant delay in the initiation of movement (ambulation) out of the outlined square longer to climb to the top of the inclined screen ( Figure  5C ). The ability of the Fgf14 N-␤-Gal/N-␤-Gal mice to remain on ( Figure 5F ). This is an interesting finding given that Fgf14 N-␤-Gal/N-␤-Gal and control mice were not found to differ the screen for the entire trial suggests that they were not grossly impaired in muscle strength. However, this in terms of locomotor activity during a 1 hr testing session. Even though the poor performance of 9F ). The EEG changes at 40 mg/kg of cocaine indithe hindlimbs, followed by a period of immobility (n ϭ 9 of 9 mice tested). EEG recordings showed epileptiform cate that the cerebral cortex of Fgf14 N-␤-Gal/N-␤-Gal mice may be in a hyperexcitable state. activity associated with the seizure-like symptoms (Figures 9A-9D) (n ϭ 3 per genotype) . At 80 mg/kg cocaine, To determine whether the reduced seizure threshold is restricted to increased sensitivity to cocaine versus both wild-type mice (n ϭ 2) and FGF14-deficient mice (n ϭ 2) developed tonic-clonic seizures with associated resulting from a more widespread affect on cortical hy- tions suggest that FGF14 is important for axonal function, synaptosomal function, or neurotransmission. Here Although an imbalance in striatonigral and striatopallidal pathways is sufficient to trigger dystonic episodes in we demonstrate neurological defects in mice lacking FGF14. We also show that 70 amino acids, encoded humans and rodents, pathology in other parts of the brain can also cause dystonia (Jarman and Warner, by exon 1b, are sufficient to efficiently target the ␤-gal protein into axonal projections. These observations 1998; Richter and Loscher, 1998). Because FGF14 is expressed prominently in cerebellar granule cells, it is demonstrate neuronal function for FGF14 and suggest that FGF14 itself is localized in axonal projections and possible that dysfunction of the cerebellum also contributes to both the dystonia and the ataxia phenotypes. may therefore function in these locations. [RBI, Natik, MA]). Animals were then placed back into the activity Genotyping of progeny was by Southern blot (as described above) cages for 55 min. Mice were tested every other day and the order of or by PCR analysis of tail DNA. The 5Ј primer, QW127 (5Ј-CTAGTTT drug treatment was counterbalanced across days within genotype CATGAAATCCCTATTTC-3Ј), hybridizes to the 5Ј homologous regroups. Locomotor activity was recorded every 5 min by two beams gion. The 3Ј primers were QW128 (5Ј-GCCTTGCCTGCAATATAACC of red light placed at 10 and 19 cm along the length of the activity TGGTCAC-3Ј), hybridizing to Fgf14 exon 2 for the wild-type allele, cage. and QW129 (5Ј-CGCTATTACGCCAGCTGGCGAAAG-3Ј), which hyStatistical Analyses bridizes to the 5Ј region of the ␤-gal cDNA. PCR conditions were:
FGF12 (Goldfarb
The behavioral data were analyzed using analysis of variance 30 cycles (95ЊC for 30 s, 55ЊC for 1 min, 72ЊC for 1 min) followed by (ANOVA) models typically containing one between-subjects variable 3 min at 72ЊC. The PCR assay generated a 255 bp fragment for (genotype) and one within-subjects variable (e.g., trials or test Sesthe wild-type allele and a 350 bp fragment for the Fgf14 N-␤-Gal allele sions). Subsequent one-way ANOVAs were used to evaluate main ( Figure 1C) . effects. Data from the experiments concerning drug effects on locomotor activity were analyzed by using a two-way ANOVA with one RNA Blot Hybridization between-subjects variable (drug) being added to the above model. RNA was isolated from the cerebellum of 21-day-old mice using the Fisher's protected least squares difference tests were used for data RNeasy kit (Qiagen, Almeda, CA). A 315 bp Fgf14 probe derived involving post hoc comparisons of individual groups. Alpha was set from exon 2, exon 3, and a part of exon 4 was hybridized to a mouse at p Ͻ 0.05 for all analyses. cerebellar RNA blot or to a human brain RNA blot (Clonetech Inc.) Band intensity was quantified by scanning densitometry using NIH Measurement of Dopamine and Its Metabolites image software.
Tissue concentrations of dopamine and dopamine metabolites (DO-PAC and HVA) were measured by HPLC coupled with electrochemiIn Situ Hybridization cal detection as previously described (Bardgett et al., 1997) . A 2 Brain tissues were harvested from 30-day-old mice that were permm coronal slice of each mouse brain containing the nucleus acfused with 4% paraformaldehyde. Hybridization and tissue procumbens and dorsal striatum was isolated with a razor blade. The cessing were performed as described previously (Wang et al., nucleus accumbens was microdissected with a 1.6 mm cold stain2000a). less steel tube, which contained a stylet for punch removal. Punches from the left and right nucleus accumbens were combined in 1.5 Staining for ␤-Galactosidase Activity ml polypropylene tubes, placed on dry ice, and stored at Ϫ80ЊC FGF14N-␤-gal and ␤-gal enzymatic activity was localized in situ by until assayed. Dopamine, DOPAC, and HVA were detected by HPLC staining with 5-bromo-4-chloro-3-indolyl-␤-d-galactoside (X-gal).
using an ESA 5020 guard cell and an ESA 7013 dual electrode Three-month-old mice were perfused with 2% paraformaldehyde.
analytical cell coupled to ESA Coulochem II detector. All values Brains were harvested and embedded in OCT compound and cryowere derived and analyzed from standard curves for DA, DOPAC, stat sectioned at Ϫ20ЊC. Subsequently, sections were stained in 0.1 and HVA using a computerized data analysis program (Bechmann M sodium phosphate (pH 7.0), 2 mM MgCl 2 , 5 mM K 3 Fe(CN) 6 , 0.01% System Gold). sodium deoxycholate, 0.02% NP-40, 20 mM Tris-HCl, and 1 mg/ml of X-gal at 37ЊC overnight. Slides were then counter-stained with nuclear fast red.
Pentylenetetrazol Treatment and ERK Activation Analysis Pentylenetetrazol (Sigma) was dissolved in saline (10 mg/ml) and injected intraperitonealy at a dose of either 75 or 100 mg/kg. Time Histology and Immunohistochemistry Nissl, Luxol Fast Blue, and silver stains were carried out according to onset of tonic-clonic seizure was recorded. In the first experiment (shown), the mean age was 82 days and the sex ratio was 50% to Sheehan and Hrapchak (1980) . Immunohistochemistry used antic-Fos antibody (1:30,000; Oncogene Science, Inc.) or anti-tyrosine male/female. In the second experiment (data not shown), the mean age was 354 days and all animals were female. hydroxylase antibody (1: 1,000; Chemicon International, Inc). Sections were visualized using the Vectastain ABC kit (Vector LaboraFor ERK activation, adult (6-23 weeks) Fgf14 N-␤-Gal/N-␤-Gal and wildtype female mice were injected intraperitonealy with 75 mg/kg PTZ tories). BrdU immunohistochemistry was performed as described previously (Naski et al., 1998) 
